The thermostability of cystathionine synthase and the effect of pyridoxal phosphate (PLP) on this thermostability were investigated in extracts of normal human liver and in extracts of liver, both before and during pyridoxine (vitamin B,) therapy, from members of a family with three clinically and biochemically typical, B,-responsive, synthase-deficient sibs.
Incubation of crude extracts of normal liver at 55" (preincubation) for 3-4 min before assay consistently resulted in a more than 2-fold increase in specific activity (activation) of cystathionine synthase (Fig. 1) . With periods of preincubation longer than 4 min, thermal inactivation occurred. When P L P was added to the preincubation mixture, slightly more activation occurred in the first 3-4 min, and there was no observable loss of activity for an additional 25 min.
The activation phenomenon was not observed in extracts of liver which had been obtained from three synthase-deficient sibs before therapy with vitamin B, (Index of activation, Table 1 ). When extracts of liver obtained during vitamin B, therapy were studied, however, significant activation was observed. Synthase activity in extracts of liver from the patients' parents, obligate heter;zygotes for synthase deficiency, and from a potentially heterozygous sister demonstrated activation similar to that found in c o n t r~~ liver extracts.
With periods of preincubation longer than 5 min, the inactivation of synthase in liver extracts from patients receiving pyridoxine-HCI occurred at the same rate as in liver extracts from heterozygotes and from normal subjects (Index of inactivation, Table 1 ). P L P completely prevented heat inactivation of enzyme from normal liver.
Speculation
Activation of cystathionine synthase is an expression of the ability of the normal enzyme to undergo heat-induced conformational changes. The failure to activate the abnormal enzyme suggests it has an altered molecular structure.
Cystathionine p-synthase (EC. 4.2.1.22), in the presence of the coenzyme, PLP, catalyzes the condensation of homocysteine and serine to form cystathionine. Synthase deficiency (21). which is inherited in an autosomal recessive manner (7), results in the clinical syndrome of homocystinuria (3, 19) . The precise nature of the mutation(s) responsible for the deficiency is unknown. Some patients respond biochemically to massive doses of vitamin B, in the form of pyridoxine-HCI (Reference 1; also cf. Reference 4) and this response usually is accompanied by a significant increase in hepatic synthase activity (1 1, 20) . The mechanism by which vitamin B, effects an increase in synthase activity, however, remains unclear. In general, a genetically determined deficiency of enzymatic activity may result from decreased holoenzyme synthesis (due to decreased apoenzyme or coenzyme formation or to their altered association), from decreased enzyme stability, and/or from decreased efficiency of the enzyme (decreased activity per mg enzyme protein). Consequently, vitamin B, may increase the steady state activity of hepatic synthase in Bsresponsive, synthase-deficient patients by affecting one or more of these mechanisms.
Heat stability studies have proved useful in comparing genetically determined variants of an enzyme. In addition, PLP has been shown to retard the in vitro inactivation by heat and/or proteases of certain PLP-dependent enzymes (12.23). In light of this, we have investigated the thermostability of cystathionine synthase, and the effect of PLP on this thermostability, in extracts of normal human liver and in extracts of liver, both before and during vitamin B, therapy, from a family with three synthase-deficient sibs. All three sibs are B, responsive and are clinically and biochemically typical.
METHODS
Control liver was obtained at autopsy 5-24 hr after death or was part of a biopsy taken during abdominal surgery. Biopsies of liver from members of the affected family were obtained percutaneously with a Menghini needle. Informed consent was obtained in writing. Vitamin B,, therapy was administered orally for 2-12 weeks before repeat biopsy (cf. legend, Table 1 ).
Liver specimens were homogenized in 7 volumes 0.03 M phosphate buffer (pH 6.9) and centrifuged for 1 hr at 40,000 x g. The supernatant solution was used for the enzymatic studies. Partially purified extracts were prepared according to the method of Tallanetal. (24). Tissue extracts were incubated at 55" for varying lengths of time before assay (preincubation) in the presence or absence of 1.3 mM PLP (final volume 70 PI). The reaction tubes were then plunged into crushed ice for 15 min before assay at 37". PLP was added where previously omitted to equalize the concentration present during the assay. Conditions for assaying liver extracts were modified from the method of Gaull et al. ( l o ) by incubating at pH 8.4 for 45 min. The assay procedure is based on the direct measurement, on an automatic amino acid analyzer, of cystathionine formed in the reaction.
Protein concentration was determined according to the method of Lowry et al. (17) . Enzymatic activity is expressed as nanomoles of cystathionine formed per mg protein per hr. When activity is expressed as a percentage, 100% refers to enzyme which was not preincubated (zero time).
RESULTS
Crude extracts of normal liver obtained at autopsy were preincubated at 55' for periods up to 4 min before assay. This consistently resulted in at least a 2-fold increase in specific CYSTATHlONlNE P-SYNTHASE DEFICIENCY 101 activity (activation) of cystathionine synthase (Fig. I ) . Preincubation for periods longer than 4 min resulted in a typical curve of thermal inactivation. which. in replicate experiments, appeared t o level off at 20-30 min. When P L P was added to the preincubation mixture, ho~newhat more activation occurred during the first 4 min; no observable loss of activity occurred during the following 2 5 min. Because of the small amounts of liver obtained with a needle, fixed prcincubation times of 3 and 10 min were selected f o r study of biopsied liver. T h e 3-min preincubation time was chosen because in preliminary experiments this consistently was the time of maximal activation; the 10-min prcincubation time was chosen because it consistently was on the linear portion of the descending curve.
Preincubation of extracts of control biopsy material for 3 min a t 55" resulted in a 2-to 3-fold increase in spccific activity over the mean specific activity of extracts which were not preincubated (zero time valuc) ( Table I ) . After a 10-min preincubation. the spccific activity was still higher than at zero time. although substantially decreased from the specific activity observed after the 3-min preincubation. Preincubation for 10 rnin in the presence of 1 . 3 mM P L P resulted in activities which were much higher than those observed after a 10-min preincubation without added P L P . indicating protection against heat inactivation. T h e higher relative spccific activity at 10 rnin in the presence of PLP is also a function of the greater activation achieved in the presence of the coenzyme (see Fig. I ) . Liver obtained 5-24 hr after death had lower activity than liver obtainedit1 ~~i v o , although the patterns of response t o heat were similar.
Extracts of liver from three synthase-deficient sibs obtainecl before treatment with pyridoxine had spccific activities of 16. 1 4 . and 9. respectively (1':rble 1). 4-7% of the mean control value. T h e activation phenomenon did not occur in extracts of liver from the two sibs from whom enough liver was obtained for heat stability studies. O n the contrary. a lower specific activity was found both after 3-min and after 10-min prcincubation than was found without preincubation.
When these studies were performed on extracts of liver obtained from the three affected sibs during vitamin B,; therapy, the results were strikingly different ( Table 1) . T h e specific activity of cystathionine synthase in liver extracts which were not preincubated was found to have increased in sibs 2 and 3 (from I 4 to 24. and from 9 to 19). but not insih I ( w h o was receiving a smaller dose of vitamin B,,; 'lf. legend. Table I ) . In addition.
significant activation was now observed in all cases after 3 min of preincubation a t 55". After 10 min of preincubation. synthase activities decreased from those found after a 3-min preincubation. ' Specific activity after a 3-min preincubation at 55" divided by the specific activity without preincubation at 55" (zero time value).
Specific activity after a 10-min preincubation at 55" divided by the specific activity after a 3-min preincubation at 55". W e a n 2 SEM. A comparison of these data with other values is not valid because of the absence of activation in untreated patients. Pyridoxine-HCI was administered orally tosih I (50 mglday) for 12 weeks, tosihs 2 and 3 (250 mg/day) for 2 weeks. and to the father (250 mg/ day) for 8 weeks before biopsy. 10'
Synthasc activities in liver cxtracts from the paticnts' parents, obligatc heterozygotes for synthase dcficicncy. werc intermediate hctwccn those found in extracts of nornial liver and thosc found in extracts of liver from thc patients (30f% of mean control in the case of the mother and 65(% in the case of the father). A 3-min preincuhation resulted in an activation similar to that seen in extracts from normal liver. After ;I 10-min preincuh;~tion. there was : I dccrcasc in specific activities of synthnsc from those found after a 3-~nin prci~~cubation. Extracts of liver from the father. obti~inccl during vitamin B,; aclrninistr;~tion. had a higher specific activity of synthase than was present in a similar extract obtained hcforc administration of vitamin B,,. The rcsponse of synthnsc activity to preincubation at 55' was again entirely similar to the response of synthasc activity in extracts of normal liver. l'he specific activity of synthasc in extracts of liver from the potentially hcterozygous sister of the affected sibs was 176 ( 7 7 % of the nican control viiluc) ancl the response of the enzyme extract to heat was similar to that of the control subjects.
A genetically dcternlincd cnzyn1:~tic deficiency rnay result from the alteration of any one of a complcx series of reactions: apocnzynie synthesis. coenzyme formation a n d transport. apocnzymc-coenzyme association. and dcgradativc proccsses. A presumed dccrcasc in cocnzynle forniation, transport. o r association with apoenzymc has been the rationale hchind megatherapy with it number of vitamins. inclutling the B,; vitamins (which most likely act through the cc>enzymaticnlly ~c t i v c form. PLP). Vitamin B,,. however. rnay affect enzymatic xtivity in other ways: r . 8 . . pyricloxine induces rat liver tyrosine a-ketoglutaratc transaminnse activity irr vi1.o by increasing the rate of enzyme synthesis ( I ? ) .
The mechanism hy which ~nassive doses of pyridoxine increase the steacly state activity of cystothioninc synthasc in some patients with B,,-responsivc synthase deficiency ( 1 l . 7 0 ) is still unclear. O u r data confirm ancl extend previous reports (14. 70) of an irl virro protective cffect of PLP against hcat inactivation and clemonstratc the magnitude of this effect (Fig. I ) . Such protection may reflect a decreased dissociation of coenzyme and ;ipocn;.yme in the prcsclicc o f exogenous P1.P. tlicrehy maintaining the holocnzymc in its active and most stahlc molecular conformation ( 1 6 ) . Wc have found that PLP complctcly prcvents any loss of hepi~tic S V I I~~; I S C iictivity clue to heat dcnaturation during a 30-min exposure at 55" (Fig. 1) . Mudd cJt ul. ( 2 0 ) have reported that PLP is as effective in preventing heat inactivation of enzyme from patients as it is in preventing hcat inactivation of enzyme from normal subjects and from heterozygotes. Because of the small amount of liver obtained from our patients. we were unable to investigate this point.
A clear distinction between normal and abnormal synthase is found in the ability of normal synthase to undergo heat-inclucecl activation. n property of cystathioninc synthase demonstrated for the first time in the present study. The activity of normal enzyme. as well as that of enzyme from obligate hcterozygotes, is strikingly increaser1 by preincubation at 55' for 3 min. Such preincubation. on the contrary, decreases the activity of the enzyme from the patients (Index of activation. l'ahle 1). If we assume that activation is an expression of the ability of normal synthasc to undergo heat-induced conformational changes, the failure to activatedemonstrated by the abnormal enzyme is an indication of an altered molecular structure.
The occurrence of increased enzymatic activity after exposure to heat is unusual. but not unique, among human enzymes. Similar results have been reported for phosphoglucomutasc (1 8) and mannosidase (2) . Heat-induced activation of cystathionine synthase appears to be a general characteristic of the enzyme. for we have demonstrated it in the following crude extracts: cultured human skin fibroblasts. cultured lymphoid cell lines. human brain. and liver and brain of rat and monkey (8) . It is present also in partially purified extracts of human liver. Heatinduced activation of cystathionine synthasc was not reported by other workers (14, 20) : however, our experi~ller~ts are not completely comparable with theirs. Activation of cystathionine synthase by trypsin (20) . by S-adenosylmethionine (6). and by Sadenosylhomocysteine ( 5 ) have heen reported. The relationship of these phenomena to the heat-induced activation is being investigated in our laboratory.
Although the mechanism of heat activation is unclear at the present time. two explanations seem possihlc. Enzymatic activity depends to a great extent upon the structure of the enzyme protein. and hcat-irlduced conformational changes in this structure tlrus may affect activity. In particular. subunit association and dissociation may have profound effects o n activity. For example. cold-induced inactivation of pyruvatc carboxylasc results from dissociation of the cnzymc protein into subunits (22. 26); subsequent heat treatment restores enzymatic activity by allowing reassociation of the subunits to tctrnrncrs. There is evidence that the cystathionine synthasc from rat liver exists as a tetralncr (15). Whether this is also true of the human liver enzyme is not known, hut the fincling that obligate heterozygotes for synthasc deficiency generally exhibit much less than the 50% of the mean control value expected on the hasis of a sinlple geneclose relationship suggests that the human enzyme protein is polymeric rather than monomeric ( 0 . 25). In that case. heatinduced changes in the conformation of the svnthase molecule coulcl affect subunit association and the spatial arrangement of binding sites and thcrcby increase activity by, for example. incrcasirig affinities for coenzyme ;intl/or substrates. An alternative expl;unation of the activation would involve the release or destruction o f an inhibiting substance. resulting in an apparent activation of the enzyme. In this context, a heat-labile enzyme that specifically dcgr:~dcs the apoproteins of PLP-dependent en7ymes has hecn reported to occur in small intestine and in skcletal muscle of the rat (13).
Irrcspcctice of the mechanism of activation. the difference in the response to heat of synthasc from affected invididuals appears to he a property by which normal enzyme and that from clcficient individuals can he clistinguished qualitatively. I n addition. ill tivo administration of vitamin B,; in the form of pyridoxine-HCI, which in these responsive patients increased hepatic cystathionine synthusc activity and arneliorateil the biochemical abnorn~alities in plasma and urine. has been shown t o restore the potential for activation to the patients' enzyme. Thus. the it1 vivo therapy with vitamin B,; docs have some, as yet unexplained. effect o n the it1 rgitro hehavior of cystathionine synthase.
C'ONC'LUSION
Heat-induced activation of human cystathionine synthase was demonstrated in extracts of liver from normal control subjects. This property was lacking in enzyme from the synthase-deficient individuals who werc studictl before administration of pyridoxine. Restoration of the activation phcnorncnon was achieved by pyridoxine adnlinistration it! ~li\,o, which. in these responsive patients. also alleviated the biochemical abnormalities of the disease.
Heating enzyme preparations for more than 4 nlin resulted in inactivation. The addition of PLP to normal enzyme before heating completely protected it from inactivation for the duration (30 min) of the experiment.
